Rapid increases in the number of available Clostridium botulinum genome sequences have permitted the development of new molecular subtyping methods for this organism. Our laboratory has developed various DNA microarrays in an effort to differentiate strains based on differences in gene content. This review will focus on both high density comparative genomic hybridisation (CGH) microarrays and various focused (low density) oligonucleotide spotted microarrays. Comparison of gene content using DNA microarrays provides investigators with the ability to simultaneously differentiate unrelated strains and to identify strain variable genes. Such genes may play important roles in the pathogenesis, growth, and survival of this organism. Moreover, probes may be optimised as new genome sequences become available leading to improvements in the ability to characterise novel or unusual strains.
Introduction
Foodborne botulism is considered a public health emergency and laboratory investigations are required to confirm cases and to identify and/or confirm the sources of contamination. From 2000 through 2009, the average number of US foodborne botulism cases reported to CDC was 18.5 (http://www.cdc.gov/nationalsurveillance/botulism_ surveillance.html). During that period, the number of multi-case (two or more cases) outbreaks occurring annually was between 2 and 5. Outbreaks involving commercially processed foods are of high concern due to the potential for large numbers of cases spanning multiple states. In support of epidemiological investigations, laboratory testing using the mouse bioassay (CDC, 1998) can demonstrate consistency in the toxin types present in suspect food and in clinical samples of individuals with botulism. However, direct toxin detection in foods and clinical samples is not always possible due to limitations in sample size and quality. Therefore, a significant amount of effort is aimed at isolating toxin producing organisms. Isolated organisms (potentially from multiple sources) can be subjected to additional subtyping analysis to support epidemiological links. Several molecular subtyping methods have been proposed including pulsed-field gel electrophoresis (PFGE) (Hielm et al., 1998; Lin and Johnson, 1995; Nevas et al., 2005) , multiple locus sequence typing (MLST) (Jacobson et al., 2008b) , multiple locus variable number tandem repeat analysis (VNTR) (Macdonald et al., 2008) , and amplified gel electrophoresis (AFLP) (Hill et al., 2007; Keto-Timonen et al., 2005) .
Botulinum neurotoxin (BoNT) producing clostridia are a complex group of organisms. Clostridium botulinum may produce any of the seven different known serotypes of BoNT (type A-G). Among C. botulinums trains, microbiological differences and 16S rRNA sequencing reveal that this species consists of four distinct groups (I to IV) (Collins and East, 1998) . Groups I and II strains produce the toxin types typically associated with human botulism. More specifically, Group I strains produce toxin types A, B, and F while Group II strains produce toxin type E and as well as types B and F. It is notable that strains producing dual toxin types (eq. Ab, Ba, Bf, Af) are only found in Group I strains. Similarly, strains which harbour the genes encoding BoNT/A and BoNT/B but only express BoNT/A (designated A(B) strains) are only found within Group I.
Another level of genetic complexity of BoNT producing clostridia is observed upon examination of the neurotoxin genes encoding BoNTs. In addition to differences in the bont genes encoding various toxin serotypes, several investigators have reported the discovery of nucleotide (and amino acid) sequence variation (known as toxin subtype) within a particular serotype (Hill et al., 2007; Smith et al., 2005) . The largest difference in nucleotide sequence identity (up to 25%) among toxin subtypes is found among bont/F1-7 genes (Raphael et al., 2010a) .
Genome sequencing efforts have supported the development of DNA microarrays for several pathogenic bacteria including C. botulinum. To date, there are 13 complete C. botulinum genome sequences and eight incomplete sequences available in the National Center for Biotechnology (NCBI) database (http://www.ncbi.nlm.nih.gov/genome/726). DNA microarrays have been used to analyse gene content among several Group I C. botulinum strains Lindström et al., 2009; Raphael et al., 2008 Raphael et al., , 2010b Sebaihia et al., 2007) .
Comparison of C. botulinum strains isolated from outbreak investigations using DNA microarrays has shown that this method may be useful for clustering strains with epidemiological links. We reported that a low density microarray containing probes selected from the type A strain ATCC 3502 genome sequence could be used to cluster outbreak-related type A strains (Raphael et al., 2010b) . More recently, we have expanded this platform for Group I C. botulinum strains producing other toxin types (including types A, B, and F) utilising probes selected from multiple genome sequences available in public databases. In this review, we describe that these mixed genome microarrays were effective for grouping strains isolated from various foodborne botulism outbreaks. Finally, since Groups I and II C. botulinum strains share little DNA homology (Lee and Riemann, 1970) , we developed a separate Group II subtyping microarray based mainly on the Alaska E43 genome sequence. This microarray has identified differences in gene content among Group II strains of various serotypes (types B, E, and F).
DNA microarrays may serve an important role in the public health laboratory given the ability to optimise the platform as additional genome sequences become available. In one notable example, researchers developed a prototype microarray containing 1,600 probes representing over 100 viruses (Wang et al., 2002) . A larger microarray using probes based on nearly 1,000 viral sequences was used to detect and characterise the novel coronavirus associated with the severe acute respiratory syndrome outbreak in 2003 (Wang et al., 2003) .
Other advantages of microarray analysis include limited handling of the viable agent (except for DNA extraction) and relatively short analysis time (overnight hybridisation). Importantly, identification of the specific genes that differ between strains may be important for understanding how genes are acquired and lost by this organism as well as potentially identifying genetic markers associated with properties such as sporulation, toxin production, and growth. This review will focus on the development of specific types of microarrays that our laboratory has used in an effort to subtype and characterise C. botulinum strains isolated from botulism outbreak investigations.
Types of microarrays

High density CGH microarrays
Our laboratory developed a comparative genomic hybridisation (CGH) microarray featuring a total of 384,771 overlapping probes (~50-70 bp) representing the ATCC 3502 type A genome sequence in order to evaluate the level of genomic diversity among C. botulinum strains (Raphael et al., 2008) . These CGH arrays were co-hybridised with genomic DNA from strain ATCC 3502 (labelled with Cy5) and genomic DNA from a test strain (labelled with Cy3). For these arrays, data was expressed as a log 2 ratio of the fluorescence of the reference strain compared to the test strain. Hence, test strains that lack gene content present in the reference strain (ATCC 3502) have high log 2 ratios in the specific location in the genome corresponding to the difference. CGH arrays were initially used to examine type A strains harbouring various toxin subtypes (A1 to A4). With the exception of A(B) strains, these arrays demonstrated that the highest levels of hybridisation was observed with test strains harbouring bont/A1 (which is the same toxin subtype found in strain ATCC 3502).
Initially, CGH microarrays were used to examine three pairs of outbreak-related subtype A1 isolates (Table 1) . Each of these pairs consisted of one strain isolated from an implicated food source and one strain isolated for stool of an individual with botulism. As shown in Figure 1 , CGH arrays demonstrated that each pair of isolates could be distinguished from another pair. Moreover, the isolates within each pair were indistinguishable. Notably, the isolate pairs differed with respect to genes encoding a ferrichrome uptake system, a restriction/modification system, and a glycosyltransferase.
The bont/A gene is associated with other genes encoding non-toxic and/or regulatory proteins in a region referred to as the toxin gene cluster. Typically, bont/A1 genes are located in a cluster containing ha70, ha30, ha17, however, some unusual bont/A1 genes are located in a cluster containing orfX1-3 termed HA-OrfX1+A1 strains (Jacobson et al., 2008a) . Raphael et al. (2008) examined a set of HA-OrfX1+A1 strains isolated from distinct sources. The bont/A1 gene associated with these strains harboured five unique single nucleotide polymorphisms and the strains were indistinguishable by CGH microarray analysis. Notes: The top track depicts each coding region sequence (CDS) in the C. botulinum strain ATCC 3502 genome sequence. Subsequent tracks depict log 2 signal ratios of the reference strain (ATCC3502) compared to each test strain (indicated below each track). Regions whose presence varies among outbreak-pairs are circled and their genomic location relative to ATCC 3502 genome is depicted by a letter above the top track. Region A corresponds to a ferrichrome uptake system, region B corresponds to a restriction/modification system, and region C corresponds to a glycosyltransferase.
PFGE using two different enzymes (SmaI and XhoI) was performed with the isolates shown in Table 1 and the strains examined by Raphael et al. (2008) . Interestingly, the PFGE profiles of outbreak pair 1 could be distinguished from each other by one or more bands. Also using PFGE, 1 of the 5 isolates examined by Raphael et al. (2008) could be distinguished from the others. It may be hypothesised that in some cases, DNA variation may exist between isolates but such regions are not featured on the microarray. More recently, CGH arrays were used to assess the relationship of two extensively used laboratory strains; ATCC 3502* from the CDC culture collection and UMass Hall from the University of Massachusetts culture collection (Fang et al., 2010) . In this experiment, ATCC 3502* was used as the reference strain and UMASS Hall was used as the test strain. Microarray analysis demonstrated that both ATCC 3502* and UMASS Hall differ with respect to gene content featured on the microarray [representing the strain ATCC 3502 sequenced at the Sanger Center (UK)] and from each other. It is unknown whether such variation is due to differences in these strains' source of origin or if laboratory passage affects gene content. Nonetheless, CGH arrays may provide valuable information to investigators who are interested in determining if their laboratory isolate is equivalent to strains previously reported by others.
Focused type A microarray
While CGH microarrays provide a large amount of genomic data regarding a particular strain, their use involves several drawbacks including large data files, use of specialised software for extracting fluorescence data and data visualisation, and difficulties in comparing data acquired from multiple strains. Therefore, we developed a focused microarray strategy where ~50 bp oligonucleotide probes were designed to target regions whose presence varied from strain-to-strain (similar to those regions highlighted in Figure 1 ). Based on CGH data from ten type A strains containing different toxin subtypes, we selected 62 strain variable regions for probe design (Raphael et al., 2008) . In addition, the focused microarray harboured probes to detect the neurotoxin genes and other selected genes of interest such as those found in toxin gene clusters (e.g., ha70, orfX1) and fldB as a marker for Group I strains (Dahlsten et al., 2008) .
Unlike the CGH microarrays in which reference and test strain DNA is co-hybridised, the focused microarrays were hybridised only with test strain genomic DNA labelled with Cy5 and data was expressed as the log 10 ratio of the signal fluorescence of a given probe compared to the background signal derived from empty spots (spotted with buffer only). For each strain examined, probes were scored as positive or negative based on the signal ratio and strains with identical probe hybridisation patters were considered to be a cluster. In a comparison of strain pairs from eight outbreaks, strains within an outbreak-pair clustered together supporting epidemiological concordance [i.e., epidemiologically related strains are presumably clonal and should cluster together (van Belkum et al., 2007) ]. However, fewer probes hybridised with DNA derived from A(B) strains compared to strains containing bont/A1 alone.
Group I subtyping microarray
In order to examine strains of additional serotypes, an expanded microarray was developed for use in subtyping serotype A, B, and F Group I strains (termed Group I subtyping microarray). The Group I subtyping microarray featured probes from the type A focused microarray, those selected from multiple genome sequences, and those targeting additional specific genes for a total of 225 probes (unpublished data).
As shown in Figure 2 , we designed 146 subtyping probes targeting regions of the strain ATCC 3502 genome sequence found to be strain variable among type A, B, and F strains based on CGH microarray experiments. An additional ten non-ATCC 3502 probes were selected based on an in silico comparison of the type A1 C. botulinum strain Hall A, ATCC 19397, and ATCC 3502 genome sequence. Another in silico comparison including the OkraB and LangelandF strain genome sequences yielded 24 Okra-specific probes and 20 Langeland specific probes. Among a panel of Group I C. botulinum B strains, Lindström et al. (2009) demonstrated that variation in the presence of several arsenate resistance genes (including arsR but not arsC) was associated with the ability to grow in the presence of sodium arsenite. As a result, probes for both genes were selected for inclusion in the Group I subtyping microarray. Finally, a total of eight probes were designed to target genes found on plasmids in the genome sequences of strains ATCC 3502, Okra B, Loch Maree, and LangelandF.
A total of 55 type A, A(B) and type B C. botulinum isolates from 16 separate US foodborne botulism investigations were subjected to microarray analysis. Fluorescence data for each probe was calculated identically to the method used in the type A focused microarray described above. However, for these microarrays, strains were considered to constitute a cluster when the hybridisation results among strains had a Pearson's correlation coefficient ≥ 0.95. Each of the strains isolated from a specific outbreak were found to cluster with each other indicating a high level of epidemiological concordance. However, of the 16 outbreaks examined, nine outbreaks contained isolates whose hybridisation profiles were similar enough (correlation coefficient ≥ 0.95) to strains of a separate outbreak to cluster together. It is currently unknown if the isolates that cluster with isolates of separate outbreaks share a high level of genetic similarity or if the microarrays used in this study do not contain a sufficient diversity of probes to distinguish among outbreak isolates. Notes: A total of 225 probes were selected. 146 probes corresponding to strain variable regions of the ATCC 3502 genome sequence were selected based on CGH analysis using Group I types A, B, and F test strains. In silico analysis was used to select the remaining probes representing genes not present in ATCC 3502, specific for either OkraB or LanglelandF strains, or other specific genes of interest. The Group I subtyping microarray was also used to assess a set of seven strains harbouring bont/F5 isolated from stool and soil in Argentina (Raphael et al., 2010a) . These strains produced either BoNT/F5 alone or both BoNT/A2 and BoNT/F5. Although the bont/F5 nucleotide sequence among these strains was identical, the strains appear to be genetically diverse since only two strains formed a cluster (Table 2) .
Group II subtyping microarray
Between 2001 and 2008, type E toxin was the second most common cause of foodborne botulism in the USA (http://www.cdc.gov/nationalsurveillance/botulism_surveillance. html) suggesting that subtyping of type E Group II strains may have an important role in the public health laboratory. Consistent with another report indicating the lack of gene content conservation among Group I and II strains examined by microarray analysis (Sebaihia et al., 2007) , DNA isolated from Group II strains failed to hybridise to the subtyping probes on the featured on the Group I subtyping microarray. Therefore, we sought to design a separate microarray to characterise Group II strains. Comparative analysis of the genome sequences of Group II C. botulinum strains, 17B (type B) and Alaska E43 (type E) demonstrated that approximately ~80% of the genes encoded by these strains are shared (conserved genes were considered to have ≥ 70% nucleotide identity over ≥ 70% of the length of the gene). In order to evaluate the genetic diversity among this group of organisms, we designed a 500 probe microarray featuring 495 probes corresponding to approximately every 6th gene in the AlaskaE43 genome sequence. An additional five probes were designed to detect genes encoded by the plasmid (pCLL) found in strain 17B. Interestingly, we observed that three out of the four Group II type B strains examined hybridised to all five of the pCLL-specific probes (unpublished data).
The type E strains examined (n = 15) with these arrays hybridised with 90% of the probes featured on the microarray while type B (n = 4) and type F (n = 3) strains hybridised with 72% of the probes (Figure 3) . Compared to the in silico analysis of the gene content conservation between types B and E strains, the level of probe hybridisation for types B and F strains to the type E microarray appears to be reduced. Based on our earlier work showing that ≥ 82% sequence identity of the target sequence with the oligonucleotide probe is required for hybridisation (Raphael et al., 2010b) , it is likely that gene content conservation prediction based on the in silico analysis (≥ 70%) is less stringent than actual probe hybridisation. 
Summary and future work
The availability of C. botulinum genome sequence data has permitted the development of microarrays with the ability to characterise an increasing number of strains. Microarray examination of a diverse set of strains has shown that gene content may be used to differentiate strains isolated from distinct sources with identical toxin serotypes/subtypes. Moreover, the comparison of outbreak-related strains demonstrated that microarrays can effectively cluster epidemiologically-related strains. Since this methodology can only interrogate genetic information featured on the array, additional subtyping analysis (such as PFGE) remains an important tool for further strain characterisation. However, new probes can be added to existing platforms as improved genome sequence data becomes available. Other advantages of microarray technology include limited handling of viable agents and results within 24 to 48 hours suggesting that microarrays can be used for screening and preliminary analysis especially if a large number of strains need to be examined. Further work is required to develop new probes based on genome sequences of strains from diverse origins and with different properties (such as toxin subtype). Additionally, platforms with greater presence in public health laboratories, such as suspension microarrays, could be evaluated in order to improve the availability of similar molecular subtyping technology. Moreover, a centralised database of strain-specific gene content would be a significant asset for comparison of strains among public health, academic, and biodefense laboratories. Notably, such a database could be more easily queried and maintained compared to whole genome sequence data. Finally, microarray analysis of C. botulinum has the potential to improve our understanding of the role that genome dynamics play in this organism and to identify genes encoding specific properties of interest such as toxin regulation, sporulation, and growth under specific conditions.
